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The quaternary arsenide compounds XCuYAs (X=Zr, Hf; Y= Si, Ge) belong to the vast family of
the 1111-type quaternary compounds, which possess outstanding physical properties ranging from
p-type transparent semiconductors to high-temperature Fe-based superconductors. In this paper, we
study the electronic structure topology, spin Hall effect (SHE) and spin Nernst effect (SNE) in these
compounds based on density functional theory calculations. First we find that the four considered
compounds are Dirac semimetals with the nonsymmorphic symmetry-protected Dirac line nodes
along the Brillouin zone boundary A-M and X-R and low density of states (DOS) near the Fermi
level (EF ). Second, the intrinsic SHE and SNE in some of these considered compounds are found
to be large. In particular, the calculated spin Hall conductivity (SHC) of HfCuGeAs is as large as
-514 (~/e)(S/cm). The spin Nernst conductivity (SNC) of HfCuGeAs at room temperature is also
large, being -0.73 (~/e)(A/m-K). Moreover, both the magnitude and sign of the SHC and SNC in
these compounds can be manipulated by varying either the applied electric field direction or spin
current direction. The SHE and SNE in these compounds can also be enhanced by tuning the Fermi
level via chemical doping or electric gating. Finally, a detailed analysis of the band-decomposed
and k-resolved spin Berry curvatures reveals that these large SHC and SNC as well as their notable
tunabilities originate largely from the presence of a large number of spin-orbit coupling-gapped Dirac
points near the Fermi level as well as the gapless Dirac line-nodes, which give rise to large spin Berry
curvatures. Our findings thus suggest that the four XCuYAs compounds not only provide a valuable
platform for exploring the interplay between SHE, SNE and band topology but also have promising
applications in spintronics and spin caloritronics.
I. INTRODUCTION
In recent years, spintronics has emerged as a major
field of research in condensed matter physics due to its
promising applications in energy-efficient data storage
and energy harvesting [1]. The key issues in spintronics
are the generation, detection and manipulation of spin
current. Indeed, advanced techniques such as injection
of spin current from ferromagnets to nonmagnetic mate-
rials, and spin pumping [2] have been recently developed
that make the generation of spin current become feasi-
ble. On the other hand, the intriguing spin Hall effect
(SHE), first predicted by Dyakonov and Perel in 1971
[3], would provide a pure spin current and does not re-
quire a magnetic material or an applied magnetic field.
In a nonmagnetic material under an electric field, due to
the influence of the spin-orbit coupling (SOC), conduc-
tion electrons with opposite spins would acquire opposite
transverse velocities, thus giving rise to a pure transverse
spin current [4]. This pure spin current, generated with-
out an applied magnetic field nor a magnetic material
is useful for the development of low-power-consumption
nanoscale spintronic devices [5]. Similarly, in a nonmag-
netic material, one could also get a pure spin current
when a temperature gradient (∇T ) instead of an elec-
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tric field E is applied, and this is known as the spin
Nernst effect (SNE) [6]. The SNE thus makes thermally
driven spin currents possible and leads to a new field
known as the spin caloritronics [7]. Pt [8] and tungsten
[9] are the few well-known examples in which the SNE
as well as SHE have been widely exploited in spintronic
research. Clearly, other materials that exhibit large SHE
and SNE would have wide applications for spintronic and
spin caloritronic devices.
Recent theoretical studies indicated that 27∼30 %
of all non-magnetic crystalline materials in Inorganic
Crystal Structure Database (ICSD) are topological, with
roughly 12% topological insulators and 15∼18 % topolog-
ical semimetals [10–14]. Furthermore, recent theoretical
studies on the SHE in Weyl semimetal TaAs [15] and
metallic rutile oxide Dirac semimetals [16] revealed that
gapped topological nodal points and lines could lead to
a very large spin Hall conductivity (SHC). Also, it was
recently reported that the predicted large SHE and SNE
in tetragonal Dirac semimetals ZrXY (X = Si, Ge; Y
= S, Se, Te) result from the presence of many slightly
gapped Dirac nodal points near the Fermi level. [17] The
four quaternary arsenide XCuYAs (X=Zr, Hf; Y= Si,
Ge) compounds considered here have the same tetrago-
nal symmetry (space group P4/nmm) as the ZrXY com-
pounds. As for the ZrXY compounds, they belong to the
structure type of the vast family of the so-called 1111-
like quaternary phases, which exhibit outstanding physi-
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2cal properties from p-type transparent semiconductors to
high-temperature Fe-based superconductors. Neverthe-
less, only few studies on these XCuYAs compounds have
been carried out so far, and these previous studies were
focussed mainly on the structural, elastic and electronic
properties as well as chemical bonding and stability of
these quaternary arsenides. [18–21] Also, the SHE and
SNE in these compounds have not been studied yet.
In this work, therefore, we systematically study the
electronic structure, SHE and SNE in the XCuYAs
(X=Zr, Hf; Y= Si, Ge) compounds by performing ab
initio density functional theory (DFT) calculations. The
rest of this paper is organized as follows. In Sec. II,
we introduce the crystal structure of the compounds,
briefly describe the Berry phase formalism for calculat-
ing the intrinsic spin Hall and Nernst conductivities as
well as the ab initio computational details. The main
results are presented in Sec. III, which consists of four
subsections. In this section, we first examine the calcu-
lated relativistic band structures and density of states
of the four considered compounds in Sec. III A, which
reveal the symmetry-protected Dirac line-nodes as well
as a large number of SOC-gapped Dirac nodal points.
We then report the calculated SHC and SNC, and also
compare them with that in other well-known materials
in Sec. III B and III C, respectively. In Sec. III D,
in order to understand the origins of the large SHC and
SNC in some of the considered compounds, we present
the band-decomposed and k-resolved spin Berry curva-
tures for the energy bands near the Fermi level along the
high symmetry lines in the Brillouin zone. Finally, we
give a summary of the conclusions drawn from this work
in Sec. IV.
FIG. 1. (a) Crystal structure of the XCuYAs (X=Zr, Hf; Y=
Si, Ge) family, (b) illustration of its nonsymmorphic glide mir-
ror symmetry, depicting that the Cu and Si/Ge layers serve as
the glide mirror planes as indicated by the black dashed lines,
and (c) the corresponding tetragonal Brillouin zone (BZ).
II. THEORY AND COMPUTATIONAL DETAILS
All the four XCuYAs (X=Zr, Hf; Y= Si, Ge) com-
pounds belong to the tetragonal 1111-like quaternary ar-
senide ZrCuSiAs family with space group P4/nmm. Fig-
ure 1(a) shows their crystal structure with two formula
units per unit cell. Table I lists the experimental lat-
tice constants of all the four considered compounds used
in the present ab initio study. The available experimen-
tally determined atomic positions are also used except
the atomic coordinates of HfCuGeAs which are deter-
mined theoretically while keeping the lattice constants
fixed to the experimental values.
Our self-consistent electronic structure calculations as
well as the theoretical determination of the atomic co-
ordinates of HfCuGeAs are based on the DFT with the
generalized gradient approximation (GGA) in the form
of Perdew-Burke-Ernzerhof (PBE) [22]. The accurate
projector augmented-wave method [23], as implemented
out in the Vienna Ab Initio Simulation Package (VASP)
[24, 25], is used. The valence electronic configurations
of Zr, Hf, Cu, Si, Ge and As taken into account in the
present study are 4s24p64d25s2, 5d26s2, 3d104s1, 3s23p2,
3d104s24p2 and 4s24p3, respectively. The plane-wave ba-
sis set with a large energy cutoff of 450 eV is used. In the
self-consistent band structure calculations, a Γ-centered
k-point mesh of 10 × 10 × 4 is used in the BZ integration
by the tetrahedron method [26, 27]. However, a denser
k-point grid of 20 × 20 × 8 is used for the density of
states (DOS) calculations.
The spin Hall conductivity (SHC) and spin Nernst con-
ductivity (SNC) are calculated within the elegant Berry-
phase formalism [28, 29]. Within this formalism, the spin
Hall conductivity (σsij = J
s
i /Ej) is simply given as a BZ
integration of the spin Berry curvature for all the occu-
pied bands below the Fermi level (EF ),
σsij = −e
∑
n
∫
BZ
dk
(2pi)3
fknΩ
n,s
ij (k), (1)
Ωn,sij (k) = −
∑
n′ 6=n
2Im [〈kn|{τs, vi}/4|kn′〉〈kn′|vj |kn〉]
(kn − kn′)2 ,
(2)
where Jsi is the ith component of the spin current density
Js, Ej is the jth component of the electric field, fkn is the
Fermi distribution function and Ωn,sij (k) is the spin Berry
curvature for the nth band at k, respectively with i, j ∈
(x, y, z) and i 6= j. Here, s denotes the spin direction.
Also, τs and vi correspond to the Pauli matrix and the
velocity operator, respectively [30]. Similarly, the spin
Nernst conductivity (αsij = −Jsi /∇jT ) can be written as
[29, 31],
αsij =
1
T
∑
n
∫
BZ
dk
(2pi)3
Ωn,sij (k)
× [(kn − µ)fkn + kBT ln(1 + e−β(kn−µ))],
(3)
3where µ and kB are the chemical potential and Boltz-
mann constant, respectively.
In the spin Hall and spin Nernst conductivities cal-
culations, the velocity (〈kn′|vi|kn〉) and spin velocity
(〈kn|{τs, vi}/4]|kn′〉) matrix elements are obtained from
the self-consistent relativistic band structures within the
PAW formalism [32]. A homemade program [31, 33] is
used for the band summation and the Brillouin zone (BZ)
integration with the tetrahedron method. [27] Very fine
grids of 45384 (for ZrCuSiAs and HfCuGeAs), 43493 for
HfCuSiAs and 106272 for ZrCuGeAs k points in the irre-
ducible BZ wedge are used and correspond to the division
of ΓX line into nd = 60 (For ZrCuSiAs, HfCuSiAs and
HfCuGeAs) and nd = 80 (for ZrCuGeAs) intervals, re-
spectively. Test calculations using several different sets
of k-point meshes show that such calculated values of
the SHC and SNC for all the four considered compounds
converge within a few percent.
III. RESULTS AND DISCUSSION
A. Electronic structure
FIG. 2. Relativistic band structures of (a) ZrCuSiAs, (b)
ZrCuGeAs, (c) HfCuSiAs, and (d) HfCuGeAs. In (a), (b),
(c), and (d), the Fermi level is at the zero energy. The red
curves represent the Dirac line-nodes.
FIG. 3. Total and atom-decomposed density of states (DOS)
of (a) ZrCuSiAs, (b) ZrCuGeAs, (c) HfCuSiAs, and (d)
HfCuGeAs. In (a), (b), (c), and (d), the Fermi level is at
the zero energy.
Our calculations show that all the four XCuYAs
(X=Zr, Hf; Y= Si, Ge) compounds are nonmagnetic.
Their calculated relativistic band structures and density
of states (DOS) are displayed, respectively, in Figs. 2
and 3. Figure 3 shows that the lowest two valence bands
of the compounds (see Fig. 2) are derived from As s-
orbitals. Above these bands are the dispersive Si (Ge)
sp-dominated valence bands in ZrCuSiAs and HfCuSiAs
(ZrCuGeAs and HfCuGeAs) (see Figs. 2 and 3). The
valence bands in between -2.0 to -6.0 eV in ZrCuSiAs
and HfCuSiAs (ZrCuGeAs and HfCuGeAs) are mainly
contributed from the Cu d orbitals together with small
contributions from the Zr (Hf) d orbital, Si (Ge) p orbital
and As p orbital. On the other hand, the valence bands
and conduction bands in the vicinity of the Fermi level
(EF ) (Fig. 2) are mainly contributed from either the Zr
d orbital for ZrCuSiAs and ZrCuGeAs or the Hf d or-
bital for HfCuSiAs and HfCuGeAs, as can be seen from
the atom-decomposed DOS spectra in Fig. 3. Figure
2 also show that all the four considered compounds are
semimetals with few bands crossing EF and thus have
low DOS values near EF (see Fig. 3).
Importantly, Fig. 2 reveals that all the four considered
XCuYAs compounds possess a number of slightly gapped
4TABLE I. Experimental lattice constants (a, c), calculated density of states at the Fermi level [N(EF )] (states/eV/f.u.), spin
Hall conductivity (σzxy, σ
y
xz and σ
y
zx), and spin Nernst conductivity (α
z
xy, α
y
xz and α
y
zx) at temperature T = 300 K. Previous
results for Dirac semimetals ZrGeTe, noncollinear antiferromagnetic Mn3Ge and heavy metal Pt are also listed for comparison.
Note that the unit of the spin Hall conductivity (spin Nernst conductivity) is (~/e)(S/cm) [(~/e)(A/m-K)].
System a c N(EF ) σ
z
xy σ
y
xz σ
y
zx α
z
xy α
y
xz α
y
zx
(A˚) (A˚)
ZrCuSiAs 3.6736a 9.5712a 0.67 -45 -100 -175 0.20 -0.17 -0.22
ZrCuGeAs 3.7155b 9.5644b 0.56 -112 -128 -193 0.16 -0.32 -0.54
HfCuSiAs 3.6340a 9.6010a 0.65 -168 -279 -400 0.46 -0.45 -0.49
HfCuGeAs 3.6935b 9.5557b 0.57 -207 -346 -514 0.53 -0.52 -0.73
ZrGeTec – – 1.12 136 -262 -551 0.53 0.48 1.17
Mn3Ge
d – – 2.37 56 – – 0.14 – –
Pt – – 1.75 2139e – – -1.09 (-0.91)d,-1.57f – –
aX-ray diffraction experiment [18]; bX-ray diffraction experiment [20]; cAb initio calculation [17]; dAb initio calculation [31];
eAb initio calculation [28]; f Experiment at 255 K [8].
Dirac points near EF along the Γ-X, M -Γ, Z-R, and Z-A
lines in the BZ (see also Figs. 4(a), 5(a), 6(a), and 7(a)
below). In the calculated scalar-relativistic band struc-
tures (i.e., without SOC) (not shown here), these Dirac
points are gapless. In the presence of SOC, however, the
number of irreducible representations of the C2v point
group is reduced to one and consequently, these Dirac
points are gapped out. As will be shown in Sec. III D,
these gapped Dirac points exhibit large spin Berry cur-
vatutes and thus make significant contributions to the
SHC and SNC [see Eqs. (1) and (3)]. Interestingly, we
also find that there are Dirac line-nodes along the A-M
and X-R on the BZ boundary (see the red curves in Fig.
2), similar to that of the ZrXY family [17]. These Dirac
line-nodes are protected by the nonsymmorphic symme-
try and thus are not gapped out in the presence of SOC.
The Dirac line-nodes along the A-M are 2.0 eV below EF
and thus would not significantly influence the transport
properties such as SHC and SNC. In contrast, the Dirac
line-nodes along the X-R are close to the Fermi level and
thus will have significant effects on the transport proper-
ties of these compounds.
B. Spin Hall effect
The SHC of a solid is a third-rank tensor (σsij ; s, i, j =
x, y, z). Nevertheless, only a few of elements of the SHC
tensor are nonvanishing because of the symmetry con-
straints. For the nonmagnetic XCuYAs (X=Zr, Hf; Y=
Si, Ge) compounds having space group P4/nmm, as re-
vealed by a recent symmetry analysis [34], there are only
five non-zero tensor elements. Also note that because of
the tetragonal symmetry of these compounds, the x and
y axes are equivalent and this results in σxyz = −σyxz and
σyzx = −σxzy. Therefore, we end up with only three in-
dependent nonzero elements, namely, σzxy, σ
y
xz and σ
y
zx
where superscripts x, y and z denote, respectively, the
spin direction of the spin current along the [100], [010]
and [001] directions, as listed in Table II. The calculated
TABLE II. Symmetry-imposed tensor forms of the spin Hall
conductivity (SHC) tensor for space group P4/nmm[34]. The
forms of the spin Nernst conductivity tensor are identical to
the corresponding forms of the SHC tensor.
SHC
σx σy σz 0 0 00 0 −σyxz
0 −σyzx 0
  0 0 σyxz0 0 0
σyzx 0 0
  0 σzxy 0−σzxy 0 0
0 0 0

values of all the nonzero SHC tensor elements for the
XCuYAs family are listed in Table I. In Table I, σzxy,
σyxz and σ
y
zx of a recently studied Dirac semimetal Zr-
GeTe [17], as well as σzxy of noncollinear antiferromagnet
Mn3Ge [31] and platinum metal [8, 28], are also listed for
comparison.
In Table I, we list the results for the four XCuYAs
compounds in the increasing order of their SOC strength.
Among them, ZrCuSiAs has the weakest SOC strength,
whereas HfCuGeAs has the strongest one. This can be
easily understood by a well-known fact that the SOC
strength is directly proportional to the fourth power of
the atomic number of the element. It is clear from Table
I that all the nonzero SHC elements, i.e., σzxy, σ
y
xz and
σyzx increase monotonically as we go down from ZrCu-
SiAs to HfCuGeAs, and this is consistent with the SOC
strength among these materials. The calculated value of
σyzx for HfCuGeAs is the largest, being -514 (~/e)(S/cm)
and about four times smaller than the SHC (σzxy) [2139
(~/e)(S/cm)] of platinum metal which has the largest in-
trinsic SHC among the transition metals [28, 33]. Inter-
estingly, this is 9 times larger than that [56 (~/e)(S/cm)]
of the noncollinear antiferromagnet Mn3Ge [31] and is
comparable to the calculated value of σyzx of ZrGeTe
which has the largest SOC strength among the ZrXY
family [17]. Also, σyzx of HfCuSiAs [-400 (~/e)(S/cm)] is
1.5 times larger than that [-262 (~/e)(S/cm)] of σyxz of
5FIG. 4. ZrCuSiAs. (a) Relativistic band strucuture, (b) spin
Hall conductivity (SHC; σzxy, σ
y
xz and σ
y
zx) as a function of
energy, (c) spin Nernst conductivity (SNC; αzxy, α
y
xz and α
y
zx)
at T = 300 K as a function of energy, (d), (f) and (h) band-
decomposed spin Berry curvatures (Ωn), as well as (e), (g) and
(i) total spin Berry curvatures (Ω) along the high symmetry
lines in the Brillouin zone. In (a), (b) and (c), the Fermi
level is at the zero energy, and the unit of the SHC (SNC)
is (~/e)(S/cm) [(~/e)(A/m-K)]. Note that in (a), (d), (f) and
(h), the same color curves correspond to the same bands.
ZrGeTe [17].
There is a strong anisotropy in the SHC in the XCuYAs
compounds, as displayed in Table I. For example, the
SHC value of ZrCuSiAs can be increased by a factor of
4 by changing the spin polarization of the spin current
from the z (out-of-plane) direction to either the x or y
(in-plane) direction. Also, for HfCuSiAs and HfCuGeAs,
the SHC can be increased by a factor of approximately
2.4 and 2.5, respectively, when the spin polarization is
switched from the z to either the x or y direction. The
calculated SHC for the XCuYAs compounds also depends
strongly on the direction of the applied electric field, as
can be seen from Table I. For all the four compounds, the
SHC value for the electric field applied along the [100]
direction (σyzx) is approximately 1.5 times larger than
that along the [001] direction (σyxz; see Table I).
We have also calculated the SHC as a function of
Fermi energy (EF ) within the rigid-band approximation
in which only the Fermi energy is varied while keeping
the band structure fixed. The calculated SHC spectra
FIG. 5. ZrCuGeAs. (a) Relativistic band strucuture, (b) spin
Hall conductivity (SHC; σzxy, σ
y
xz and σ
y
zx) as a function of
energy, (c) spin Nernst conductivity (SNC; αzxy, α
y
xz and α
y
zx)
at T = 300 K as a function of energy, (d), (f) and (h) band-
decomposed spin Berry curvatures (Ωn), as well as (e), (g) and
(i) total spin Berry curvatures (Ω) along the high symmetry
lines in the Brillouin zone. In (a), (b) and (c), the Fermi
level is at the zero energy, and the unit of the SHC (SNC)
is (~/e)(S/cm) [(~/e)(A/m-K)]. Note that in (a), (d), (f) and
(h), the same color curves correspond to the same bands.
are presented in Figs. 4(b), 5(b), 6(b), and 7(b) for Zr-
CuSiAs, ZrCuGeAs, HfCuSiAs and HfCuGeAs, respec-
tively. It is clear that most of the nonzero elements of
the SHC tensor have peaks in the vicinity of the Fermi
energy, suggesting that the SHE in these compounds can
be optimized by varying EF via either chemical doping
or electrical gating. For example, σzxy of ZrCuGeAs can
be increased by a factor of 2 by slightly lowering the
Fermi energy by 0.05 eV [see Fig. 5(b)]. This can be
achieved by hole doping of merely 0.03 e/f.u. Also, σyzx
of HfCuGeAs could be enhanced from -514 (~/e)(S/cm)
to -801 (~/e)(S/cm) by lowering the Fermi energy to -
0.14 eV [see Fig. 7(b)], and this can be realized via hole
doping of 0.07 e/f.u.
C. Spin Nernst effect
Similar to the SHC for a solid, SNC (αsij ; s, i, j =
x, y, z) is also a third-rank tensor. Furthermore, the
6FIG. 6. HfCuSiAs. (a) Relativistic band strucuture, (b) spin
Hall conductivity (SHC; σzxy, σ
y
xz and σ
y
zx) as a function of
energy, (c) spin Nernst conductivity (SNC; αzxy, α
y
xz and α
y
zx)
at T = 300 K as a function of energy, (d), (f) and (h) band-
decomposed spin Berry curvatures (Ωn), as well as (e), (g) and
(i) total spin Berry curvatures (Ω) along the high symmetry
lines in the Brillouin zone. In (a), (b) and (c), the Fermi
level is at the zero energy, and the unit of the SHC (SNC)
is (~/e)(S/cm) [(~/e)(A/m-K)]. Note that in (a), (d), (f) and
(h), the same color curves correspond to the same bands.
nonzero elements of the SNC tensor are identical to that
of the SHC tensor [34]. Therefore, for the XCuYAs
(X=Zr, Hf; Y= Si, Ge) compounds, the SNC has only
three nonzero independent tensor elements, namely, αzxy,
αyxz and α
y
zx. We list the calculated values of these
nonzero SNC elements at T = 300 K in the XCuYAs
family in Table I. We notice that αyzx of HfCuGeAs is
the largest [-0.73 (~/e)(A/m-K)] among the XCuYAs
family. Also, it is almost 5 times larger than αzxy
[0.14 (~/e)(A/m-K)] of the noncollinear antiferromagnet
Mn3Ge [31]. The α
z
xy values of HfCuGeAs and ZrGeTe
[17] are equal. They are comparable to that of Pt metal,
being about half the αzxy value of Pt (Table I). There-
fore, we can say that the SNC values for the XCuYAs
compounds are significant.
The SNC of the four XCuYAs compounds is also highly
anisotropic, similar to the SHC. For example, the αyzx of
ZrCuGeAs is approximately 3.4 times larger than αzxy of
the same material (see Table I), i.e., the SNC value of
ZrCuGeAs is enhanced by a factor of 3.4 when the spin
FIG. 7. HfCuGeAs. (a) Relativistic band strucuture, (b)
spin Hall conductivity (SHC; σzxy, σ
y
xz and σ
y
zx) as a function
of energy, (c) spin Nernst conductivity (SNC; αzxy, α
y
xz and
αyzx) at T = 300 K as a function of energy, (d), (f) and (h)
band-decomposed spin Berry curvatures (Ωn), as well as (e),
(g) and (i) total spin Berry curvatures (Ω) along the high
symmetry lines in the Brillouin zone. In (a), (b) and (c), the
Fermi level is at the zero energy, and the unit of the SHC
(SNC) is (~/e)(S/cm) [(~/e)(A/m-K)]. Note that in (a), (d),
(f) and (h), the same color curves correspond to the same
bands.
direction of the spin current is switched from the z to
the x or y direction. Unlike the SHC, the SNC of the
XCuYAs family changes sign when the spin direction of
the spin current is rotated from the out-of-plane (z) di-
rection to an in-plane (x or y) direction. For HfCuGeAs,
αyzx is 1.4 times larger than α
y
xz (see Table I).
The SNC at T = 300 K has also been calculated as
a function of EF and is displayed in Fig. 4(c), 5(c),
6(c) and 7(c), respectively, for ZrCuSiAs, ZrCuGeAs,
HfCuSiAs and HfCuGeAs. These SNC spectra will al-
low one to optimize the SNE in the XCuYAs compounds
via manipulation of EF . For example, Fig. 5(c) indi-
cates that the αzxy of ZrCuGeAs has a prominent peak of
1.02 (~/e)(A/m-K) at 0.08 eV (just slightly above EF ).
This suggests that the SNC αzxy of ZrCuGeAs can be
substantially increased from 0.16 to 1.02 (~/e)(A/m-K)
via electron doping of merely 0.05 e/f.u. Note that this
value of αzxy is very close to that of platinum metal [-1.09
(~/e)(A/m-K)] [31], thus indicating the possible applica-
tion of these materials in spin caloritronic devices. The
7αyzx of HfCuGeAs also has a peak of -1.53 (~/e)(A/m-
K) at -0.10 eV (slightly below EF ), and this could be
achieved by hole doping of merely 0.06 e/f.u. [see Fig.
7(c)]. The SNC spectra of the XCuYAs family display
a stronger dependence on EF than that of the SHC. For
example, αyzx of ZrCuSiAs decreases rapidly as EF de-
creases and then reaches the negative local maximum
of -1.51 (~/e)(A/m-K) at -0.19 eV. As we decrease EF
further, it increases steadily and changes sign at -0.25
eV and then hits the positive local maximum of 1.96
(~/e)(A/m-K) at -0.32 eV [see Fig. 4(c)]. For ZrCuGeAs,
αyzx decreases as EF decreases and reaches a negative lo-
cal maximum of -1.74 (~/e)(A/m-K) at -0.12 eV. It starts
to increase as EF is lowered further, changes sign at -0.19
eV and then rise to a positive local maximum of 2.30
(~/e)(A/m-K) at -0.26 eV [see Fig. 5(c)]. The αzxy for
the four XCuYAs compounds shows a similar behavior
[see Figs. 4(c) - 7(c)]. All these suggest that electric
gating or chemical doping can be used to manipulate the
SHE and SNE in the XCuYAs compounds.
Temperature (T ) dependence of the SNC of all the
four XCuYAs compounds is also calculated in the present
study. Figure 8 shows the calculated T dependences of
αzxy, α
y
xz, and α
y
zx. We notice that both α
y
xz and α
y
zx for
all the four compounds are negative and their magnitudes
increase monotonically as T increases from T = 60 K to
400 K [see Figs. 8(b) and 8(c)]. Also, HfCuGeAs has the
largest magnitude of αyxz and α
y
zx among the four com-
pounds in the entire considered T range. The values of
αyxz and α
y
zx for HfCuGeAs hit the negative maximum of
-0.68 and -0.94 (~/e)(A/m-K), respectively, at T = 400
K (see Fig. 8). Interestingly, the αyzx spectra of Zr-
CuGeAs and HfCuSiAs have almost an identical behav-
ior and their calculated values are close in the entire con-
sidered temperature range. In contrast, the αzxy spectra
of ZrCuSiAs, HfCuSiAs and HfCuGeAs have a positive
value and all of them increase monotonically with T [see
Fig. 8(a)]. Interestingly, the values of αzxy for HfCuSiAs
and HfCuGeAs are nearly identical for T ≤ 260 K. How-
ever, αzxy of ZrCuGeAs has a negative value at T = 60 K.
It decreases monotonically with T and reaches the nega-
tive local maximum of -0.095 (~/e)(A/m-K) at T = 160
K. As temperature T further increases, it starts to in-
crease, then changes sign at ∼240 K and finally reaches
the maximum value of 0.41 (~/e)(A/m-K) at T = 400 K
[see Fig. 8(a)].
D. Spin Berry curvature analysis
Spin Berry curvature is the key ingredient for calculat-
ing spin Hall and spin Nernst conductivities, as can be
seen from equations (1) and (3), respectively. Thus, in
order to understand the origin of the SHC and SNC for
the XCuYAs compounds, we have calculated total and
band-decomposed spin Berry curvatures for the energy
bands near the Fermi level as a function of k-point. The
total spin Berry curvature at k is the sum of the spin
FIG. 8. Spin Nernst conductivity (a) αzxy, (b) α
y
xz, and (c)
αyzx as a function of temperature T for the four XCuYAs com-
pounds.
Berry curvatures of all the occupied bands at k. Figs.
4(d, f and h), Figs. 5(d, f and h), Figs. 6(d, f and h),
and Figs. 7(d, f and h) show these spin Berry curvatures
Ωzxy, Ω
y
xz, and Ω
y
zx, respectively, along the high symmetry
lines in the BZ.
As mentioned before, in the XCuYAs compounds, a
number of SOC-gapped Dirac points are present near the
Fermi level along the Γ-X, M -Γ, Z-R and Z-A directions
in the BZ [see Fig. 2 as well as Figs. 4(a) - 7(a)]. As re-
ported previously in the literature [17, 28], when a band-
crossing point (e.g., a Dirac point) at k is slightly gapped
by the SOC, a pair of spin Berry curvature peaks with
opposite signs appear in the vicinity of the k point on the
lower and upper gapped bands, respectively. These phe-
nomena can be clearly seen in Figs. 4(d, f and h), Figs.
5(d, f and h), Figs. 6(d, f and h), and Figs. 7(d, f and
8h). Clearly, a large contribution to the SHC may occur
when only the lower band is occupied. If both bands are
occupied, the two peaks with opposite signs would cancel
each other, thus leading to little contribution to the SHC
[17].
Table I shows that HfCuGeAs has the largest values
of the nonzero elements of the SHC tensor. Therefore,
as an example, let us take a closer look at the energy
bands near the Fermi level and their spin Berry curva-
tures in HfCuGeAs. First we notice that for total spin
Berry curvature Ωzxy, there are sharp positive peaks at
the R point as well as near the middle of the M -Γ line
[see the blue curve in Fig. 7(e)]. In the meantime, we
can see from Fig. 7(a) that there are gapped Dirac points
at these k-points, which generate two pairs of sharp Ωnxy
peaks with opposite signs at the same k-points [see the
red and green curves in Fig. 7(d)]. Since only the lower
band (red curve) of the gapped Dirac point is occupied
[see Fig. 7(a)], the large positive Ωnxy peaks [see the red
curve in Fig. 7(d)] thus give rise to the dominant contri-
bution to the total spin Berry curvature peaks at these
k-points [see Fig. 7(e)]. Similar situations happen to
Ωnxz and Ω
n
zx near the middle of the M -Γ line [see Figs.
7(f) and 7(g) as well as Figs. 7(h) and 7(i), respectively].
Figure 5 indicates that the calculated total and band-
decomposed spin Berry curvatures in ZrCuGeAs exhibit
almost the same behavior as that of HfCuGeAs, although
the peak magnitudes may differ.
FIG. 9. Contour plot of (a) total and (b) Dirac line-node only
contributions to spin Berry curvature Ωxy(k) of HfCuGeAs on
the X-R-A-M plane [see Fig. 1(c)].
In addition to the known resonance-like contributions
from the slightly gapped Dirac points, we find that the
Dirac line-nodes can also make a significant contribution
to the total spin Berry curvature and hence to SHC as
well as SNC. For example, as mentioned above, there
is a Dirac line-node along the X-R line slightly below
the Fermi level in HfCuGeAs [see the red curve in Fig.
7(a)]. This line-node generates large spin Berry curva-
tures Ωzxy, Ω
y
xz, and Ω
y
zx along this X-R line [see the
red curve in Figs. 7(d), 7(f) and 7(h), respectively], thus
leading to the pronounced peaks in the corresponding to-
tal spin Berry curvatures on this line near the R point
[see the blue curve in Figs. 7(e), 7(g) and 7(i), respec-
tively]. The contour plots of the total and Dirac line-
node spin Berry curvatures of Ωxy(k) on the X-R-A-M
plane in the BZ in HfCuGeAs are displayed in Figs. 9(a)
and 9(b), respectively. Figure 9 shows clearly that the
total and Dirac line-node spin Berry curvatures Ωxy(k)
of HfCuGeAs have large values only along the X-R line.
Moreover, the total spin Berry curvature comes predom-
inantly from the Dirac line-node spin Berry curvature.
Therefore, this demonstrates that the occupied Dirac
line-nodes near the Fermi level can also contribute signif-
icantly to the large SHE and SNE in this Dirac line-node
semimetal.
IV. CONCLUSIONS
In conclusion, we have carried out a systematic ab
initio study on the band structure topology, SHE and
SNE in the quaternary arsenide XCuYAs (X=Zr, Hf; Y=
Si, Ge) compounds based on relativistic density func-
tional theory calculations. Interestingly, we find that
the four considered compounds are Dirac semimetals
with the nonsymmorphic symmetry-protected Dirac line
nodes along the Brillouin zone boundary A-M and X-
R. Furthermore, we also find that the intrinsic SHE and
SNE in some of these considered compounds are large. In
particular, the calculated spin Hall conductivity (SHC)
of HfCuGeAs is as large as -514 (~/e)(S/cm). The spin
Nernst conductivity (SNC) of HfCuGeAs at room tem-
perature is also large, being -0.73 (~/e)(A/m-K). Both
the magnitude and sign of the SHC and SNC in these
compounds are found to be tunable by varying either the
applied electric field direction or spin current direction.
The SHE and SNE in these compounds can also be sig-
nificantly enhanced by tuning the Fermi level via chem-
ical doping or electric gating. We have also calculated
the band-decomposed and k-resolved spin Berry curva-
tures which reveal that these large SHC and SNC as well
as their notable tunabilities originate largely from the
presence of a large number of spin-orbit coupling-gapped
Dirac points near the Fermi level as well as the gapless
Dirac line-nodes, which give rise to large spin Berry cur-
vatures. Our work thus shows that the four XCuYAs
compounds not only provide a valuable platform for ex-
ploring the interplay between SHE, SNE and band topol-
ogy but also have promising applications in spintronics
and spin caloritronics.
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